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Thermoelectric power generation offers a promising way to recover waste heat. The geo-
metrical design of thermoelectric legs in modules is important to ensure sustainable power
generation but cannot be easily achieved by traditional fabrication processes. Herein, we
propose the design of cellular thermoelectric architectures for efficient and durable power
generation, realized by the extrusion-based 3D printing process of Cu2Se thermoelectric
materials. We design the optimum aspect ratio of a cuboid thermoelectric leg to maximize
the power output and extend this design to the mechanically stiff cellular architectures of
hollow hexagonal column- and honeycomb-based thermoelectric legs. Moreover, we develop
organic binder-free Cu2Se-based 3D-printing inks with desirable viscoelasticity, tailored with
an additive of inorganic Se82− polyanion, fabricating the designed topologies. The compu-
tational simulation and experimental measurement demonstrate the superior power output
and mechanical stiffness of the proposed cellular thermoelectric architectures to other
designs, unveiling the importance of topological designs of thermoelectric legs toward higher
power and longer durability.
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W ith the rapid increase in global energy consumption, theworld is facing serious energy and environmental crises asa result of fossil fuel depletion and environmental pol-
lution, critically requiring sustainable and renewable energy sources.
Among the various types of renewable energy sources, thermal
energy is omnipresent in natural and artificial environments, but
more than 60% is dissipated. Thermoelectric (TE) power generation
has been regarded as a reliable and durable way to recover dissipated
waste heat, as it enables the direct conversion of heat to electricity
without any environmental pollution1–5. Thus far, to achieve an
efficient TE energy conversion, considerable efforts have been
devoted toward the development of efficient TE materials, including
traditional Bi2Te3-6–9, PbTe-10, and SiGe-based11 alloys and emer-
ging materials of liquid-like materials12–15, skutterudites16, half-
Heuslers17, SnSe18,19, MgSb-based materials20, etc.21–23. Among
them, liquid-like TE materials within the “phonon-glass electron-
crystal” concept have attracted tremendous attention due to their
high efficiencies arising from ultralow thermal conductivities at high
temperatures. Such unusual properties originate from their structural
characteristics in which one immobile ion forms a rigid sublattice
framework for the free transport of electrons, whereas other mobile
ions are comprised of liquid-like sublattice to interrupt the thermal
transports. Moreover, Cu2Se- or Cu1.97S-based compounds repre-
senting this class of materials have nontoxic and earth-abundant
elements, which significantly reduce the cost by at least one order of
magnitude compared with state-of-the-art TE materials12–14.
In addition to the development of materials, the module
structural design, especially the geometrical design of TE legs, is
another essential factor in the efficiencies, durability, and cost of
thermoelectric generators (TEGs). Numerous numerical simula-
tions have demonstrated the remarkable effect of the three-
dimensional (3D) geometries of TE legs on the energy conversion
efficiency in a module and proposed various new designs of
structures of TE legs that aim to enhance the efficiency24–28.
However, most studies have focused only on efficiency max-
imization, neglecting the mechanical durability and cost, despite
their actual importance. Moreover, experimental research on the
geometrical design of TE legs still remains in the early stages in
that the basic geometrical parameters, such as the aspect ratio or
cross-sectional area ratio of stereotypical cuboid-shaped TE legs,
have been investigated29,30. This geometrical limitation of TE legs
may originate from the conventional process of the top-down
dicing of TE ingots to produce TE legs, where there is no choice
of shapes in a TE leg other than a cuboid.
Nature-inspired architectured cellular materials are an emerging
class of materials with high stiffness, controllable heat dissipation and
transfer, and lightweightness, which allow potential applications in
highly stiff panels, energy absorbers, heat exchangers, vibration
damping, and catalysts31–33. Cellular materials generally consist of an
interconnected network of solid structures formed by cell walls
separated by periodic or stochastic pores. The shape and layout of
pores are critical to the mechanical properties of the cellular mate-
rials, since they determine the effective density and deformation
modes. For example, in stochastic open-cell structures, structural
Young’s modulus decreases with density as an empirical power law
with an exponent of two to three. However, in periodic closed-
cellular structures such as honeycomb architecture, both the
mechanical strength and stiffness linearly decrease with the relative
density34–36. Thus, the closed-cellular structures tend to exhibit
greater mechanical performance than open-cellular structures when
their densities are reduced in a similar amount37. Honeycombs
represent the two-dimensional (2D) closed-cellular architectures used
almost exclusively today due to their relatively simple structures and
excellent mechanical properties, such as high in-plane compression
and out-of-plane shear properties38. When compared with triangular
and hexagonal truss-structured materials with similar densities,
optimally designed honeycombs exhibited multi-fold enhancement in
compressive strength. The honeycomb architecture resisted buckling
upon compression unlike the truss-based counterparts39. Recently,
the specific stiffnesses of ceramic hexagonal and triangular honey-
combs were reported as >107 Pa kg−1 m−3 that surpass other micro-
and nanoscale lattices of similar relative densities40. The 3D printing
process has been recognized as an advanced technology for directly
producing such 3D cellular architectures with great geometrical
complexity in a cost-effective manner41,42. However, the complex 3D
geometries of TE materials and modules have never been realized so
far because the full functionality of 3D printing technology has yet
not been applied to TE technology, though many approaches based
on stereolithography, extrusion-based printing, and selective laser
sintering have been reported to produce TE materials43–49. More-
over, in most reports, 3D-printable materials have still been limited to
Bi2Te3-based materials, requiring the expansion of available materials
operatable at high temperatures for the widespread applications of
this technology44–48.
Here, we designed the cellular honeycomb topology of Cu2Se TE
legs by the 3D finite element models (FEMs) for higher power-
generating performances and stronger mechanical stiffness than a
typical cuboid. To fabricate the designed topology, we developed the
extrusion-based 3D printing process of Cu2Se TE materials. The
extrusion-based 3D printing process has been extensively studied for
the production of inorganic 3D objects using concentrated colloid
inks. In this process, colloid inks containing semiconductor metal
chalcogenides must have the desired rheological properties to ensure
3D printability. To this end, we designed the Cu2Se colloid ink to
have particles with surface charges, achieved by the addition of Se82−
polyanion, showing significantly improved printability. Moreover,
Se82− polyanion acts as a sintering promoting aid, which leads to the
liquid-phase sintering of Cu2Se particles to shape and scale robust
Cu2Se materials with the competitive ZT value of 1.2 at 1000 K by the
3D printing process. The fabrication and characterization of the
power-generating modules chipped with a cuboid, a hollow hex-
agonal column, and a honeycomb showed the highest power per-
formance of a honeycomb-architectured TE leg, demonstrating the
feasibility of our nature-inspired design toward the fabrication of
efficient and durable TEGs.
Results
Design of Cu2Se TE architectures. To design the topology of
Cu2Se TE legs toward higher power generating performance as
well as mechanical durability, we developed a 3D FEM to cal-
culate P, ΔT, and electrical resistance of a TEG (Fig. 1a–d, and
Supplementary Fig. 1). Generally, the major geometrical control
parameter of a TE leg is an aspect ratio in a cuboid since the
aspect ratio dependence on the output power has the trade-off
relation between a module resistance and a temperature differ-
ence (ΔT) across a TE leg29,30,50. Accordingly, we define the
aspect ratio as the ratio of the leg length (l) to cross-sectional area
(A) (Fig. 1a and Supplementary Fig. 1a). In this computation, we
used the TE properties of the 3D-printed Cu2Se TE materials. The
detailed TE properties are discussed in the following sections.
Based on the 3D FEM, a Cu2Se cuboid TE leg is expected to
produce the maximum P near l/A of 1.5 at a various hot-side
temperatures ranging from 700 to 850 K (Fig. 1b). The optimum
l/A results from the characteristic dependence of ΔT and resis-
tance on l/A. If l/A varies from 0.5 to 10, ΔT increases in a log-
linear manner while the electrical resistance increases linearly
with l/A (Supplementary Fig. 2a, 2b).
In addition to the power output, the topology control of a TE
leg can be beneficial to enhance the mechanical strength, which is
critical for the practical use of TEGs. In a real-world application,
TE legs in a TEG are forced to experience various mechanical
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stresses such as compressive or tensile stresses because of
materials’ thermal expansion or shear, torsion, and bending
stresses arising from external environments. However, despite its
actual importance, the module design for mechanical durability
has been largely neglected so far. In this study, we propose a
cellular honeycomb architecture to improve the mechanical
durability of a TE leg. Honeycomb structures have been known to
exhibit high strength to weight ratio, which comes from the
efficient dispersion of external forces, particularly in the out-of-
plane load31. Further, the in-plane compressive strength can be
optimized by controlling the ratio between wall thickness and the
unit-cell size. Considering our printing capability, we consider a
cuboid, a hollow hexagonal column, which is a basic unit to build
a honeycomb architecture, and a honeycomb comprising of seven
hexagonal columns (Fig. 1c–g). Figure 1c, d show the cross-
sectional areas of the cellular architectures. In our design,
hexagon length is 2.5 mm, wall thickness is 0.33 mm, and the
inclination angle is 30°. The cross-sectional area is 4 mm2 for the
hexagonal column and 105.21 mm2 for the honeycomb, resulting
in an aspect ratio of 1.5 for the hexagonal column and 0.06 for the
honeycomb. The leg length of all TEGs in this work is 6 mm. We
hypothesize that the optimum aspect ratio is similar for both
hexagonal column and cuboid TE legs, since the aspect ratio is a
key factor for both thermal and electrical resistances. To
accurately optimize the aspect ratio, the electrical and thermal
contact resistances at TE leg-electrode interface need to be
considered. When electrical current or heat transfers from the TE
leg to an electrode, the cross-sectional shape of the TE leg affects
how the current or heat spreads into the electrode51. Further-
more, solder properties may be influenced by the TE leg
thickness, if the TE leg is not sufficiently thick. If empirical
correlations between the TE leg geometry and contact resistances
are available for the cellular or other architectures, the topology of
the 3D TE module will be more accurately determined. For the
honeycomb architecture, we select a relatively small aspect ratio,
because it is challenging to achieve the optimum l/A in the actual
device, as fabricating high-aspect-ratio, multiple hexagonal
columns are not feasible yet.
The mechanical properties of the 3D-printed Cu2Se were
























































Fig. 1 Design of Cu2Se TE cellular architectures. a Simulated temperature distributions in cuboid-, -shaped Cu2Se TE legs. b Output power of cuboid-
shaped Cu2Se TE leg as a function of aspect ratio. c, d Simulated temperature distributions in (c) hollow hexagonal column-, and (d) honeycomb-shaped
Cu2Se TE legs. e–g Simulated heat flux distribution in the cold side of (e) cuboid-, (f) hollow hexagonal column-, and (g) honeycomb-shaped Cu2Se TE legs
when the hot side temperature is 873 K. h Compressive stiffness-density Ashby plot showing the cellular Cu2Se materials described in this paper compared
with other materials. I Generation efficiencies of Cu2Se TE legs at the hot side temperatures ranging from 323 to 873 K.
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mode on a cuboid and a honeycomb. The stress-strain curve of
the 3D-printed honeycomb in the elastic region exhibits similar
behaviour to that of the cuboid (Supplementary Fig. 3). The
calculated modulus 939 MPa, which was almost identical to
911 MPa of the cuboid. Interestingly, the honeycomb exhibited
a larger plastic deformation region and higher fracture strain by
three times, compared with the cuboid. This improvement may
originate from unique structural characteristics of the honey-
comb, which can distribute the stress concentration into a
whole structure52–54. Sun et al.54 demonstrated the distribution
of the stress concentration in honeycomb architectures by the
FEM simulations and experiments. Based on the measured
properties, we predicted the compressive stiffness of the Cu2Se-
honeycomb architecture using the Ashby-Gibson relation
(Fig. 1h). As the number of unit cell in the honeycomb
architecture increases, effective compressive stiffness decreases
in the range of 100–200 MPa due to the decrease in density (ρ),
agreeing with the measured value of 174.7 MPa in the
honeycomb with the effective cross-sectional area including
pores. The effective density of the Cu2Se-honeycomb architec-
ture is merely 600–1000 kg m−3 Compared with other common
materials with a density near 1000 kg m−3, the Cu2Se-
honeycomb architecture exhibits a superior property. Other
materials with high specific stiffness follow (E/ρ)0.5 line in the
Ashby E-ρ plot. However, the honeycomb architecture shows
the specific stiffness of 198 kPa m3 kg−1 that is greater than
(E/ρ)0.5 by a factor of 2. The honeycomb architectures take
<25% density of the traditional cuboid architecture, making it
lightweight and stiff inorganic TE materials. Thus, for mobility
applications and for large-scale energy harvesting systems, the
hexagonal architecture can be considered useful due to its
excellent strength-weight ratio.
In addition to the mechanical properties, the simulation results
showed that the proposed cellular architectures could enhance the
power generation efficiency, compared with a cuboid. With 3D
FEM, we compared three different topologies including a cuboid,
a hollow hexagonal column, and a honeycomb. The generation
efficiency is defined as the ratio of power output to heat input. A
hexagonal column and honeycomb architectures are expected to
exhibit 7.3% and 7.7% efficiency when the hot-side temperature is
873 K that are 22 and 26% greater than the efficiency of
traditional cuboids (Fig. 1i). Under similar ΔT, both the
hexagonal column and cuboid TEGs with an equal aspect ratio
produce analogous potential distributions (Fig. 1a, c, and d).
However, compared with a cuboid module, in hexagonal and
honeycomb modules, less amount of heat is required to achieve
the same ΔT than the cuboid module due to less effective heat
spread in the electrodes. In the hexagonal module, the TE legs
contact electrodes over a large region enclosing an area of 16.24
mm2. As seen in the simulated heat flux distribution (Fig. 1e–g),
the steady-state heat flux is predicted as trivial within the enclosed
area on the cold side of the hexagonal and honeycomb modules
because the electrode temperature is maintained uniform (Fig. 1e).
The uniform temperature within the enclosed region strongly
suppresses in-plane heat flow within the electrode. However, the
cuboid module efficiently spreads heat from the electrode centre
to outward radially (Supplementary Fig. 4), leading to reduced TE
leg-electrode interface thermal resistance. The inefficient heat
spreads in electrodes cause the hexagonal and honeycomb
modules to achieve a large generation efficiency. Interestingly,
the efficiency slightly increases when the honeycomb module
scales up.
Rheological design of Cu2Se TE inks. To realize the designed
topology of Cu2Se TE legs, we developed viscoelastic Cu2Se 3D
printing inks, tailored by inorganic Se82− polyanion. The
appropriate viscoelastic properties of colloid inks are crucial to
ensure a fine flow through nozzles and the structural integrity of
printed architectures. Typically, the addition of organic binders
into inks can easily achieve their desired viscoelastic properties.
However, these organic binders can act as impurities that degrade
the electrical properties of printed objects due to the poor elec-
trical interconnection among grains44,45,47–49. Our group repor-
ted the 3D printing process using organic binder-free all-
inorganic Bi2Te3-based TE inks, tailored by the inorganic anions
of Sb2Te42− ionic chalcogenidometallate (ChaM) molecule55–57.
This inorganic anion is beneficial for securing the viscoelasticity
of inks and producing purely inorganic 3D-printed objects with
high ZT values, which is the evaluation of energy conversion
efficiency in materials by the equation of ZT= S2σT/κ, where S, σ,
κ, and T are the Seebeck coefficient, electrical conductivity,
thermal conductivity, and absolute temperature, respectively. The
viscoelasticity of current organic binder-free Cu2Se TE inks was
achieved through the use of inorganic Se82− polyanion that
effectively hold Cu2Se particles together in an electrostatic man-
ner. Based on the viscoelasticity, we can create complex archi-
tectures of TE materials through the 3D printing process (Fig. 2a
and Supplementary Movie 1).
For the rheological design of Cu2Se TE inks, the contents of
inorganic Se82− polyanion were controllably varied, and their
properties were assessed in terms of various rheological property
measurements. Figure 2b shows the dynamic viscosity (η′) curves
of various Cu2Se-based inks as a function of the ion content. The
pristine Cu2Se-based ink behaves like a Newtonian fluid with a
very low η′. As the ion was incorporated in the ink, an increase in
η′ was observed, and the inks began to exhibit strong dependency
on the shear rate, whose behaviour is generally called as a
Bingham fluid. In the previous literature, we have reported the
role of ChaM as a rheological modifier for all-inorganic BiSbTe
inks55, but its efficiency appears to be much more pronounced in
Cu2Se inks. In theory, a Bingham fluid reflects the presence of a
3D network structure of a colloidal system that experiences the
structural collapse under shear stress, and so a sudden viscosity
decrease is observed58,59. Thus, a stronger shear rate dependence
and stronger pseudo-network structure formation were observed
with increasing the content of polyanion.
In order to obtain a continuous discharging during 3D printing,
stable fluidity is one of the essential requirements. As shown in the
stress sweep results (Fig. 2c), all the inks undergo the sudden drop of
η‘ at a certain stress, which is indicative of the phase conversion from
linear and nonlinear viscoelastic flows60,61. Particularly, the inks with
a Se82− polyanion of 80 and 110wt% give an overshoot at the
transition, a sign of phase instability of those inks under high shear
stress. This finding suggests that the excessive Se82− polyanion can
bring about plugging nozzle and discontinuous discharging. In
addition, the inks would experience different shear stresses during
printing that can vary the viscoelastic properties of them. As a result,
the thixotropic structural recovery may also be affected. Figure 2d
shows the variation of the storage modulus (G′) at 1 rad s−1 before
and after applying high shear stress and G′ ratio (G′after/G′before)
that implies the degree of thixotropy from the frequency sweep test62.
The G′ value of inks except for the Se82− fraction of 20wt% exhibited
an almost complete recovery to the original value after experiencing
the shear stress. Even though G′after/G′before of the pristine ink is
near to 1, the low viscosity makes it difficult to be printed. The
variation of rheological properties as a function of the ion also shows
that the limited interaction between the Cu2Se particles can be
strengthened by incorporating the ions. In this regard, the polyanion
fraction of 20 wt% is insufficient to obtain structural integrity. The
thixotropic behaviour as a function of the shear stress of the pristine
ink and ink containing 50 wt% ions was also evaluated using three-
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interval thixotropy tests (Supplementary Fig. 5). From the measure-
ment, the polyanion-containing ink exhibits two distinctive features:
(1) rapid recovery rate after the stress, (2) nearly identical value of G′
after full recovery compared to the pristine ink, and (3) enhanced ink
dispersion stability (Supplementary Fig. 6). These findings suggest
that the 50 wt% polyanion containing ink has the optimal printing
capability.
3D printing of Cu2Se TE materials. Owing to the desirable
viscoelasticity of the Cu2Se ink containing 50 wt% of the Se82−
polyanion, various 3D shapes of Cu2Se TE materials were built by
the 3D printing process (Fig. 3a and Supplementary Fig. 7). The
optical microscopy (OM) image reveals that the printed layers
were highly uniform with a single-layer thickness of 330–340 µm
(Fig. 3b). The printed samples were further sintered at 873 K for
the desired duration. During the sintering, the Se82− polyanion
aided the densification of the 3D-printed Cu2Se to produce robust
TE materials with the liquid-phase sintering effect. During the
heat treatment of the 3D-printed samples, the Se82− polyanion
was initially decomposed to form crystalline Se among Cu2Se
particles, which was subsequently liquefied as manifested in the
differential scanning calorimetry result (Supplementary Fig. 8).
The liquefied Se filled up the pores and voids among Cu2Se
particles through the capillary force, promoting uniform sintering
of Cu2Se particles at high temperatures. The scanning electron
microscopy (SEM) images show that the Cu2Se particles were
mutually merged into the polycrystalline phase, as shown in the
comparison of the before and after heat treatment process
(Fig. 3c, d). The X-ray diffraction patterns reveal that the sintered
samples consisted of two different phases of Cu1.8Se and Cu2Se
(Fig. 3e). With a longer sintering time, the peaks corresponding to
those of Cu1.8Se were progressively diminished, whereas the peaks
for Cu2Se were pronounced. This result can be attributed to the
evaporation of excess Se during the sintering. This finding was
further supported by the thermogravimetric analysis of the dried
Cu2Se inks, in which a significant weight loss was observed at
600–700 K, agreeing with the temperature of Se evaporation
(Supplementary Fig. 9)63. In addition, despite the sintering
shrinkage of 60–70%, the sintered materials well maintained their
primary architectures without substantial distortion (inset of
Fig. 3d), allowing us to design the dimensions and shapes of TE
materials with the pre-computer-aided design.
TE properties of 3D-printed Cu2Se materials. This composi-
tional modulation with various sintering conditions is beneficial
in controlling over the electrical properties of printed materials
because the intrinsic defects of Cu vacancy in Cu2Se act as a hole
donor. As expected, the room-temperature carrier concentrations
of the samples measured by the Hall effect measurement
decreased from 6.68 × 1020 to 2.27 × 1020 cm−3 with the duration
time increasing from 1 to 7 h at 873 K (Fig. 4a). In addition, the
hole mobility (μh) increased from 14.13 to 33.67 cm2 V−1 s−1
with an increase in sintering time of ~1–3 h, and it decreased to
23.82 cm2V−1 s−1 as the sintering time increased to 7 h. The
increase in the hole mobility can be understood with the con-
sideration of the decrease in the defect density. At the same time,
the sample density decreased with the increase in the sintering
time (Supplementary Table 1), which comes from the Se
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Fig. 2 Optimized viscoelasticity of Cu2Se-based ink. a Scheme for 3D printing process of the Cu2Se-based honeycomb cellular architecture by using all-
inorganic Cu2−xSe ink. b The dynamic viscosity (η‘) curves of all-inorganic Cu2Se TE inks from the frequency sweep test. c Stress sweep results of the η‘
over the shear stress range of 0.005 300 Pa. d The variation of storage modulus (G’) and G’ at 1 rad s−1 as a function of the Se82− polyanion content.
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evaporation. The decrease in the density of the samples may
contribute to the decrease in the hole mobility of the samples
sintered for longer duration times. Although the sample density
and porosity were slightly affected by the sintering conditions, the
SEM images show that all the samples were well sintered, and
substantial changes in the microstructures were not observed
(Supplementary Fig. 10).
The major challenges in the 3D printing of TE materials are
homogeneity in TE properties with respect to dimensions and
shapes. Although Cu2Se is known to have the isotropic TE
properties owing to the isotropic crystal structure of the face-
centred cubic above 100–150 °C, the inhomogeneity of the TE
properties can be caused by the inhomogeneity of the distribution
of temperatures and particle density in the dried specimen during
the sintering. We characterized the room-temperature electrical
conductivity and Seebeck coefficient of four different samples of a
disc, two cuboids, and a hollow hexagonal column. As shown in
Fig. 4b, all the samples exhibited identical electrical conductivities
and Seebeck coefficients within the error range of the measure-
ment (10%), demonstrating the homogeneity in the TE properties
of the 3D-printed Cu2Se materials.
The temperature-dependent TE properties of the 3D-printed
cuboid-shaped Cu2Se sintered at 873 K for 1, 3, 5, and 7 h were
characterized at temperatures from 300 to 1000 K. All properties
are in agreements with the typical temperature dependences of
the reported Cu2Se polycrystals, where the electrical and thermal
conductivity is in negative dependence on the temperatures and
vice versa for the Seebeck coefficient (Fig. 4c–e). At room
temperature, the highest electrical conductivity of 150,000 S m−1
was observed at the 1 h-sintered sample and it gradually
decreased to 31,000 S m−1 at 1000 K. In addition, the highest
Seebeck coefficient of 186 μVK−1 at 1000 K was exhibited by the
7 h-sintered samples. These values agree with the reported values
of Cu2Se polycrystals12. Moreover, the fluctuations of the
electrical and thermal properties were clearly observed at
temperatures ranging from 350 to 400 K. This phenomenon is
attributed to the phase transition of the α phase into the β phase
of Cu2Se, consistent with the reported temperature ranges64,65.
The sintering temperature dependency of the properties was
clearly observed. For example, the electrical conductivities
increased, and the Seebeck coefficients decreased with decreasing
sintering duration time in the entire measurement temperatures,
agreeing with the changes in the hole concentrations since the
electrical conductivity and Seebeck coefficient have the trade-off
relation with the variable of the carrier concentrations56. At the
optimum condition of the sintering duration time of 5 h, the
samples exhibited the highest power factor of 6.3 µW cm−1 K2 at
1000 K (Supplementary Fig. 11).
The thermal conductivity decreased with longer duration times
for sintering (Fig. 4e), which can be attributed to the higher
porosity observed in the sintered samples for longer duration
times, acting as scattering sites of phonons. The minimum
thermal conductivity was found to be 0.5Wm−1 K−1 for the
samples sintered for 7 h at 1000 K, which was lower than the
reported values for bulk Cu2Se polycrystals12–14. To understand
this low thermal conductivity, the lattice thermal conductivities
(κL) of the samples were calculated by subtracting the electronic
thermal conductivity (κe) from the total thermal conductivity
(Supplementary Fig. 12). κe was calculated by the
Wiedermann–Franz relationship (κe= LσT), where L is the
Lorenz number. The calculated lattice thermal conductivity
showed similar trends to the total thermal conductivity, and a
minimum κL of 0.16Wm−1 K−1 was observed in the 7 h-sintered
Cu2Se samples. These very low values can be understood by
taking into account the multi-scale porosity that the 3D-printed
samples have a lower density than the bulk values and can
consequently scatter phonons over a wide range of wavelengths.
We further calculated the κL of our samples with 100% density
through the modified effective-medium theory66. The calculated
lattice thermal conductivities of the 5 and 7 h-sintered samples
(Supplementary Fig. 13) ranged from 0.35 to 0.5Wm−1 K−1,
consistent with the range of the reported values12–14.



















Fig. 3 3D printing of Cu2Se TE materials. a Photograph and b OM image of the 3D-printed Cu2−xSe cuboids. c, d SEM images of fractured surfaces of the
3D-printed Cu2−xSe (c) before and (d) after sintering at 873 K for 5 h. The inset of the panel (d) shows the photograph of 3D-printed and sintered Cu2Se
TE materials with various samples. e XRD patterns of as-synthesized Cu2Se powder and sintered samples for 1, 3, 5, and 7 h for 873 K.
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Consequently, the maximum ZT value was achieved by the
sample sintered for 7 h, marking 1.21 at 1000 K (Fig. 4f). This
value is slightly lower than or similar to the reported bulk value of
the undoped Cu2Se12. This maximum value is one of the highest
among the reported TE materials prepared from various inks or
by 3D printing process (Supplementary Table 2). Compared with
the recently reported TE foams, the ZT value of our 3D-printed
Cu2Se is at least an order of magnitude higher than those, as
summarized in Supplementary Table 3.
Fabrication and evaluation of 3D-printed Cu2Se TE modules.
To validate our designs of nature-inspired cellular architectures, we
prepared three different TE legs of a cuboid, a hollow hexagonal
column, and a honeycomb and fabricated the p-type single leg-
power generators by the 3D printing process (Fig. 5a–c). Recently, a
few studies have been reported on n-type semiconductors of ternary
or quaternary copper chalcogenide compounds of CuAgSe67,
CuFeS2, and Cu1–xZnxFeS268. However, the ZT values of these
materials are <0.6 at the highest, not high enough to use them as an
n-type pair of our Cu2Se. As alternatives, different classes of n-type
TE semiconductors such as doped SnSe, skutterudites, half-Heusler
can be potential candidates as an n-type cellular pair of our 3D-
printed Cu2Se. The top and bottom of the 3D-printed Cu2Se TE
legs were metallized with Ni layers through sputtering, subsequently
attaching to Cu electrodes using an Ag paste as a solder. For a
reliable measurement, the area ratios of the cold-side Cu electrodes/
TE legs were equalized for all modules to ensure an equivalent
cooling rate. Also, we set the identical hot-side temperatures for the
measurement of the power-generating performances of these
modules by heating the top of the modules with a ceramic heater.
The cold side was cooled at the bottom with a water-circulating
cooler under the same water flow rate and water temperature
(Supplementary Fig. 14). Upon heating, all modules showed almost
linear increases in the output voltages and quadratic increases in the
output power, demonstrating the reliability of the measurement
(Fig. 5d–f). Moreover, the measured electrical output values and of
the TEGs are in line with the simulation results (Fig. 5g). This
agreement suggests that the simulated models (Fig. 1i), that pre-
dicted higher efficiencies of the hexagonal- and honeycomb mod-
ules than that of the cuboid module, were well realized in the 3D-
printed modules.
Fig. 4 TE properties of the 3D-printed Cu2Se samples. a Room-temperature hole concentrations and mobilities of the Cu2Se samples sintered at 1, 3, 5,
and 7 h at 873 K. b Room temperature electrical conductivities and Seebeck coefficients of various shapes of Cu2−xSe samples. c–f Temperature-dependent
(c) electrical conductivities, d Seebeck coefficients, e thermal conductivities and f ZT values the Cu2Se samples sintered at 1, 3, 5, and 7 h at 873 K.
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In addition, the honeycomb-based module showed a signifi-
cantly larger power than those of the other modules (Fig. 5g),
which can be understood by a lower module resistance due to its
larger cross-sectional area by approximately five times. This larger
cross section is beneficial in the reduction of the contact
resistance at TE legs and electrodes. The calculated contact
resistances of the modules from the material properties were the
lowest at the honeycomb among all the modules. Accordingly, the
honeycomb exhibited the highest power density of 621.40 mW
cm−2 among the three topologies (Fig. 5h). These power-
generating performances validate our topology designs and
demonstrates feasibility of the proposed strategy of the topolo-
gical designs of TE legs for enhancing power performance and
mechanical durability.
To further demonstrate the working stability of the 3D-printed
Cu2Se material, we characterized the electrical conductivity and
Seebeck coefficient through multiple heat cycles in the tempera-
ture range from room temperature to 873 K, which was the
highest hot-side temperature of the module for the power
generation measurement. In the cycle test, the electrical
conductivities and Seebeck coefficients were well preserved
without degradation within the equipment error range by three
times (Supplementary Fig. 15). Moreover, we tested the working
stability of the 3D-printed samples for a longer duration time by
measuring their TE properties during the thermal annealing at
873 K. As shown in Supplementary Fig. 16, the 3D-printed Cu2Se
sample maintained both the primary electrical conductivity and
the Seebeck coefficient for 1 h without thermal degradation.
These results clearly demonstrated the working stability of our
3D-printed Cu2Se for the power generation application.
Discussion
In summary, we have demonstrated the applicability of 3D-
printed cellular architectures of Cu2Se-based TE materials for
designing efficient and durable TEGs. We developed the 3D
FEMs for cuboid, hollow hexagonal column, and cellular hon-
eycomb structures that allowed us to comparatively design the
topology of TE legs with perspectives of higher output power and
mechanical strength. Moreover, we developed all-inorganic Cu2Se
TE inks with tailored rheological properties by the electroviscous
effect of Se82− polyanions. These inks allowed the building of
complex 3D architectures of Cu2Se TE materials that exhibit a
peak ZT value of 1.21 at 1000 K. The experimental measurements
of the fabricated TEGs chipped with the 3D-printed TE legs
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Fig. 5 power-generating TEG with 3D-printed cellular honeycomb material. a–c 3D illustrated models and photograph of TEGs chipped with (a) cuboid-,
(b) hollow hexagonal column-, and (c) honeycomb-shaped Cu2Se TE legs. d–f Output voltages and powers of (d) cuboid-, (e) hollow hexagonal column-,
and (f) honeycomb-shaped Cu2Se TE legs at the hot side temperatures ranging from 323 to 873 K. g Output voltages and powers, and h power densities of
TEGs as a function of the temperature differences. The points and the dotted lines in the panels of (g) and (h) are the measured values and the predicted
values by the FEM simulation.
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showed good agreement with the predicted power-generating
performances, in which the honeycomb TE architecture with the
highest predicted mechanical stiffness exhibited superior power
density to typical cuboid TE legs. Undoubtedly, higher power
generation performance can be obtained in the future using TE
materials with higher ZT values. In addition to improving
material properties, this study shows another system-level design
to enhance the power-generating performance and durability in
TE modules through the topological design of TE legs, which will
accelerate the application of TE power generators to prevalent
fields. Furthermore, our 3D printing approach has great appli-
cation potential for the cost-effective manufacturing of well-
designed TE modules, which can be easily transferred to other
fields of electronic and energy devices.
Recently, the TE foams constructed with various classes of
materials such as oxides, organics, carbon allotropes, and their
hybrids have been reported. Although the reported TE foams
might also be categorized into the cellular TE materials in view of
their porosities, they are clearly distinct from our cellular hon-
eycomb architecture in terms of (i) the purpose and benefit of the
structuring, (ii) pore structures, (iii) fabrication process, and (iv)
TE properties (Supplementary Table 3). Especially, most reports
of the TE foams generally aim for the enhancement of ZT values
in materials by the formation of stochastic pores to intensify
phonon scattering, which can reduce the thermal conductivity of
materials. However, in this study, we demonstrated that our
designs with periodic pore structures, manufactured by the 3D
printing process can optimize the system-level thermal transport
and structure-induced mechanical stiffness, improving the effi-
ciency and durability of modules. To further optimize the topo-
logical design for the TE architecture in a large design space,
topology optimization may be considered. The topology optimi-
zation identifies non-intuitive and mathematically optimal
structures, and has been employed widely for mechanical struc-
tural systems. However, conventional topology optimization
requires extensive computation resources, and often results in
complex designs that cannot be fabricated by legacy techniques.
Thus, topology optimization is not yet considered as widely
applicable approach in the field.
Methods
Materials. Ethylenediamine (>99.5%), ethanethiol (>97%), and glycerol (>99.5%)
were purchased from Aldrich Chemical Co. Powders of Cu (99.9%) for high-energy
ball milling, Se (99.999%) for the synthesis of Se polyanion were purchased from
Alfa Aesar. Powder of Se (99.999%) for high-energy ball milling was purchased
from 5 N Plus. Isopropanol was purchased from Samchun Chemicals. The che-
micals and elements were used without purification.
Synthesis of all-inorganic Cu2−xSe-based ink. The entire process was accom-
plished under inert conditions. The Cu2Se powder was fabricated by high-energy
ball milling (SPEX, 8000M Mixer/Mill) of Cu and Se powder with the stoichio-
metric composition of Cu2Se for 200min. The ball-milled powder was sieved for
removing particles larger than 45 µm. The soluble ionic Se binder was synthesized
by dissolving 0.5 g of Se powder in the co-solvent of 0.5 mL ethanethiol and 4.5 mL
ethylenediamine with vigorous stirring at room temperature69. After 72 h, the
dissolved solution was added 37.5mL of isopropanol and centrifuged at 7715 × g for
10min to precipitate of Se ion binder. The precipitates, discarded supernatant, was
dried for 1 h under vacuum condition. The all-inorganic Cu2-xSe ink was prepared
by mixing the 2.5 g of glycerol, 2 g of the ball-milled Cu2Se powder, and 1 g of dried
Se ion binder with a planetary centrifugal mixer (ARM-100, Thinky) for 2 h to fully
disperse. In the mixing process, six zirconium oxide grinding balls with 5 mm
diameter were added for homogenizing, effectively.
Measurement for rheological properties of the Cu2–xSe inorganic ink. The
rheological properties of Cu2–xSe inks were analysed using a rotational rheometer
(Haake MARS III, Thermo Scientific) equipped with a coaxial cylinder geometry at
room temperature. The frequency sweep tests were carried out at a constant stress
of 1 Pa and the stress sweep tests were conducted over the range of 0.005–300 Pa at
a frequency of 1 rad/s. The three-interval thixotropy tests(3ITT) at various stresses
(1, 5, 10, 50, and 200 Pa) were also conducted as reported elsewhere62,70,71.
3D printing and heat treatment. Three-dimensional printing was carried out with
a home-built extrusion-based 3D printer and programmable control of tempera-
ture and pressure. The synthesized ink was loaded in a 5 mL syringe (Saejong)
which had a metal nozzle with an inner diameter of 340 µm. By the design soft-
ware, the ink was printed with layers of parallel lines and developed perpendicular
to the layers (Supplementary Movie 1). The printing process was performed at
room temperature and has intervals of 1 s. As-printed sample was dried at 423 K
for 5 h under inert condition, then sintered with two-step heat treatment process at
623 K for 1 h, and 873 K for 1–7 h under mixture atmosphere with 96% of N2 and
4% of H2.
Characterization of 3D-printed samples. The OM image was acquired with an
Olympus BX51M. The scanning electron microscope images were acquired with a
field-effect SEM (Nova-NanoSEM230, FEI and S-4800 Hitachi High-Technologies)
operated at 30 kV. The XRD patterns were obtained by Rigaku D/Max2500 V
diffractometer equipped with a Cu-rotating anode X-ray source (λ= 0.15418 nm),
operating at 40 kV and 30 mA. The reference peaks of Cu2–xSe, Cu1.8Se are cor-
responding to JCPDS: 00-047-1448 and 01-073-8642, respectively.) Thermogravi-
metric analysis of dried ink and 7 h sintered sample was carried out using a TA-
Q500 thermal analyzer at a heating rate of 10 Kmin−1 under nitrogen condition.
Compression test at room temperature was performed under uniaxial loading with
a strain rate of 1 × 10−3 s−1 by Instron-5948 equipped with a 2 kN load cell.
TE properties of 3D-printed samples. Temperature-dependent electrical con-
ductivity and Seebeck coefficient were characterized with a commercial equipment
(SBA 458 Nemesis, Netzsch) in temperature range from 300 to 1000 K under argon
atmosphere. Thermal conductivity in the same temperature range of electrical
conductivity was calculated by the equation κ= ρCpD, where κ is the thermal
conductivity, ρ is the density, Cp is the specific heat capacity and D is the thermal
diffusivity. The density of the 3D-printed materials was obtained by measuring
their volume and weight. The specific heat capacity was calculated by Dulong-Petit
equation and the thermal diffusivity was measured with laser flash analysis (LFA
467HT, Netzsch) in the same temperature range of electrical conductivity. The
equipment error range of thermal diffusivity by the radiation heat loss is within
0.35% at maximum72. The estimation of lattice thermal conductivities of 100%




suggested by Lee et al.70, where κh and Φ are the lattice thermal conductivity of
host materials and the porosity, respectively. The room temperature electrical
conductivities were measured by Van der Pauw 4-point method (Keithley 2400
source-meter controlled by Lab trace 2.0 software, Keithley Instrument, Inc). The
room temperature Seebeck coefficients were characterized with the open-circuit
voltage and temperature gradient by two commercial Peltier coolers, contacted
with the 3D-printed samples. The voltage and temperature difference of the sample
were measured with T-type thermocouples connected by Keithley 2000 multimeter.
The Seebeck coefficient was calculated from the slope of the voltage-temperature
difference curve, consisting of four data points by different temperature gradient
from −5 to +5 K. This home-built equipment has accuracy with an error range of
3% by confirming the n-type Bi2Te3 and p-type BiSbTe ingot samples. The room
temperature carrier concentrations and mobilities were measured by a Hall mea-
surement equipment (HMS-5000, ECOPIA) with the magnetic field of 0.55 T.
Simulation of thermoelectric device properties. A three-dimensional, steady-
state FEM was developed using a commercial software, COMSOL Multiphysics, to
calculate the temperature distribution in a TEG and resulting electrical outputs. In
the FEM, the size and shape of TEGs were identical to the actual 3D-printed
devices as illustrated in Fig. 5a–c. The model employed experimentally obtained,
temperature-dependent properties of 3D-printed Cu2Se as shown in Fig. 4. As
boundary conditions, the hot-side temperature was fixed to experimentally
acquired values shown in Fig. 5d–f while the cold-side electrode was subject to
forced convection. A convection coefficient at the cold-side surface was selected as
200Wm−2 K−1, as the simulated cold-side temperatures matched with the
experimental measurements by using this convection coefficient. Similar to the
experimental condition, the cooling water temperature was set to 290 K. The lateral
side of the TEG was adiabatic. The cold-side electrode was electrically grounded.
Supplementary Fig. 2 depict the schematic of thermoelectric FEM showing the
distributions of simulated electrical potential when the hot-side temperature
was 873 K.
Calculation of effective specific modulus. First, Ashby and Gibson relation for
hexagonal lattices was used to calculate the effective modulus of the honeycomb
architecture in the out-of-plane direction (E). Then, E was divided by an effective
density (ρ) to obtain effective specific modulus. For Ashby and Gibson relation, we
define the wall thickness (t), hexagon length (lh), and inclination angle (θ). Considering
the actual measurements, we use t= 0.33mm, lh= 2.5mm, θ= 30°, actual density
(ρs)= 3970 kgm−3, and actual Young’s modulus of 3D-printed Cu2Se (Es)= 911MPa.
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Fabrication and power measurement of Cu2Se TEGs. The cold-side Cu elec-
trodes with the size specified in Fig. 5a–c and thickness of 0.3 mm were used to
equalize the cooling rate of the three TEGs by matched the ratio between coverage
area of 3D-printed samples and the area of the cold-side electrode was made same.
The top and bottom of the 3D-printed Cu2Se TE legs were metallized with 300 nm-
thick Ni layers by the sputtering. And then, the samples were integrated with the
Cu electrodes using Ag paste (Pyro-Duct 597-A, Aremco). The output power was
measured with the ceramic heater (70 mm × 15mm) as a heat source and water-
circulating cooler. To support the hot plate, which was larger than fabricated TEG
and prevented from thermal convection, the hot plate was wrapped with glass
fabric. Temperature differences were measured with K-type thermocouples con-
nected by the Keithley 2000 multimeter. The whole measurement was performed in
a vacuum chamber to prevent from undesired oxidation.
Data availability
Source data for figures are provided with this paper. The data that support the plots
within this paper and other findings of this study are available from the corresponding
author upon reasonable request. Source data are provided with this paper.
Code availability
The COMSOL Multiphysics codes used in this study are outlined in the method section
and available from the corresponding authors upon reasonable request.
Received: 12 March 2021; Accepted: 27 May 2021;
References
1. Bell, L. E. Cooling, heating, generating power, and recovering waste heat with
thermoelectric systems. Science 321, 1457–1461 (2008).
2. DiSalvo, F. J. Thermoelectric cooling and power generation. Science 285,
703–706 (1999).
3. He, J. & Tritt, T. M. Advances in thermoelectric materials research: looking
back and moving forward. Science 357, eaak9997 (2017).
4. Snyder, G. J. & Toberer, E. S. Complex thermoelectric materials. Nat. Mater. 7,
105–114 (2008).
5. Zhang, Y. et al. High-temperature and high-power-density nanostructured
thermoelectric generator for automotive waste heat recovery. Energy Convers.
Manag. 105, 946–950 (2015).
6. Jo, S. et al. Simultaneous improvement in electrical and thermal properties of
interface-engineered BiSbTe nanostructured thermoelectric materials. J. Alloy.
Comp. 689, 899–907 (2016).
7. Jo, S. et al. Soluble telluride-based molecular precursor for solution-processed
high-performance thermoelectrics. ACS Appl. Energy Mater. 2, 4582–4589
(2019).
8. Kim, S. I. et al. Dense dislocation arrays embedded in grain boundaries for
high-performance bulk thermoelectrics. Science 348, 109–114 (2015).
9. Zheng, G. et al. High thermoelectric performance of p-BiSbTe compounds
prepared by ultra-fast thermally induced reaction. Energy Environ. Sci. 10,
2638–2652 (2017).
10. Sootsman, J. R., Chung, D. Y. & Kanatzidis, M. G. New and old concepts in
thermoelectric materials. Angew. Chem. 48, 8616–8639 (2009).
11. Joshi, G. et al. Enhanced thermoelectric figure-of-merit in nanostructured p-
type silicon germanium bulk alloys. Nano Lett. 8, 4670–4674 (2008).
12. Liu, H. et al. Copper ion liquid-like thermoelectrics. Nat. Mater. 11, 422–425
(2012).
13. Liu, W. D., Yang, L., Chen, Z. G. & Zou, J. Promising and eco-friendly Cu2X-
based thermoelectric materials: progress and applications. Adv. Mater. 32,
e1905703 (2020).
14. Wei, T.-R. et al. Copper chalcogenide thermoelectric materials. Sci. China
Mater. 62, 8–24 (2018).
15. Zhao, K., Qiu, P., Shi, X. & Chen, L. Recent advances in liquid-like
thermoelectric materials. Adv. Funct. Mater. 30, 1903867 (2019).
16. Zong, P.-a et al. Skutterudite with graphene-modified grain-boundary
complexion enhances ZT enabling high-efficiency thermoelectric device.
Energy Environ. Sci. 10, 183–191 (2017).
17. Xing, Y. et al. High-efficiency half-Heusler thermoelectric modules enabled by
self-propagating synthesis and topologic structure optimization. Energy
Environ. Sci. 12, 3390–3399 (2019).
18. Heo, S. H. et al. Composition change-driven texturing and doping in solution-
processed SnSe thermoelectric thin films. Nat. Commun. 10, 864 (2019).
19. Zhao, L. D. et al. Ultralow thermal conductivity and high thermoelectric figure
of merit in SnSe crystals. Nature 508, 373–377 (2014).
20. Kraemer, D. et al. High thermoelectric conversion efficiency of MgAgSb-based
material with hot-pressed contacts. Energy Environ. Sci. 8, 1299–1308 (2015).
21. Choi, J. et al. Flexible and robust thermoelectric generators based on all-carbon
nanotube yarn without metal electrodes. ACS Nano 11, 7608–7614 (2017).
22. Gu, D. H. et al. Colloidal synthesis of Te-doped Bi nanoparticles: low-
temperature charge transport and thermoelectric properties. ACS Appl. Mater.
Interfaces 9, 19143–19151 (2017).
23. Kim, J., Bae, E. J., Kang, Y. H., Lee, C. & Cho, S. Y. Elastic thermoelectric
sponge for pressure-induced enhancement of power generation. Nano Energy
74, 104824 (2020).
24. Ge, Y., Liu, Z., Sun, H. & Liu, W. Optimal design of a segmented
thermoelectric generator based on three-dimensional numerical simulation
and multi-objective genetic algorithm. Energy 147, 1060–1069 (2018).
25. Sahin, A. Z. & Yilbas, B. S. The thermoelement as thermoelectric power
generator: effect of leg geometry on the efficiency and power generation.
Energy Convers. Manag. 65, 26–32 (2013).
26. Erturun, U., Erermis, K. & Mossi, K. Effect of various leg geometries on
thermo-mechanical and power generation performance of thermoelectric
devices. Appl. Therm. Eng. 73, 128–141 (2014).
27. Picard, M., Turenne, S., Vasilevskiy, D. & Masut, R. A. Numerical simulation
of performance and thermomechanical behavior of thermoelectric modules
with segmented bismuth-telluride-based legs. J. Electron. Mater. 42,
2343–2349 (2013).
28. Ferreira-Teixeira, S. & Pereira, A. M. Geometrical optimization of a
thermoelectric device: numerical simulations. Energy Convers. Manag. 169,
217–227 (2018).
29. Xing, T. et al. High efficiency GeTe-based materials and modules for
thermoelectric power generation. Energy Environ. Sci. https://doi.org/10.1039/
D0EE02791J (2021).
30. Qiu, P. et al. High-efficiency and stable thermoelectric module based on
liquid-like materials. Joule 3, 1538–1548 (2019).
31. Solórzano, E. & Rodriguez-Perez, M. A. Cellular Materials. (Germany: Wiley-
VCH Verlag GmbH & Co. KGaA, 2013).
32. Yeo, S. J., Oh, M. J. & Yoo, P. J. Structurally controlled cellular architectures for
high-performance ultra-lightweight materials. Adv. Mater. 31, e1803670 (2019).
33. Tian, X. & Zhou, K. 3D printing of cellular materials for advanced
electrochemical energy storage and conversion. Nanoscale 12, 7416–7432 (2020).
34. Gibson, L. J. & Ashby, M. F. Cellular Solids: Structure and Properties
(Cambridge University Press, 2001).
35. Schaedler, T. A. et al. Ultralight metallic microlattices. Science 334, 962–965
(2011).
36. Yeo, S. J., Oh, M. J. & Yoo, P. J. Structurally controlled cellular architectures
for high performance ultra lightweight materials. Adv. Mater. 31, 1803670
(2019).
37. Berger, J. B., Wadley, H. N. G. & McMeeking, R. M. Mechanical metamaterials
at the theoretical limit of isotropic elastic stiffness. Nature 543, 533–537
(2017).
38. Gibson, L. & Michael, A. Cellular Materials: Structure and Properties
(Cambridge University Press, 1997).
39. Bauer, J. et al. High-strength cellular ceramic composites with 3D
microarchitecture. Proc. Natl Acad. Sci. USA 111, 2453–2458 (2014).
40. Muth, J. T. et al. Architected cellular ceramics with tailored stiffness via direct
foam writing. Proc. Natl Acad. Sci. USA 114, 1832–1837 (2017).
41. Lewis, J. A. & Ahn, B. Y. Three-dimensional printed electronics. Nature 518,
42–43 (2015).
42. Sun, K. et al. 3D Printing of interdigitated Li-ion microbattery architectures.
Adv. Mater. 25, 4539–4543 (2013).
43. He, M. et al. 3D printing fabrication of amorphous thermoelectric materials
with ultralow thermal conductivity. Small 11, 5889–5894 (2015).
44. Su, N., Zhu, P., Pan, Y., Li, F. & Li, B. 3D-printing of shape-controllable
thermoelectric devices with enhanced output performance. Energy 195,
116892 (2020).
45. Du, Y. et al. Flexible ternary carbon black/Bi2Te3 based alloy/polylactic acid
thermoelectric composites fabricated by additive manufacturing. J.
Materiomics 6, 293–299 (2020).
46. Qiu, J. et al. 3D Printing of highly textured bulk thermoelectric materials:
mechanically robust BiSbTe alloys with superior performance. Energy
Environ. Sci. 12, 3106–3117 (2019).
47. Oztan, C., Ballikaya, S., Ozgun, U., Karkkainen, R. & Celik, E. Additive
manufacturing of thermoelectric materials via fused filament fabrication. Appl.
Mater. Today 15, 77–82 (2019).
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23944-w
10 NATURE COMMUNICATIONS |         (2021) 12:3550 | https://doi.org/10.1038/s41467-021-23944-w |www.nature.com/naturecommunications
48. Jo, S., Choo, S., Kim, F., Heo, S. H. & Son, J. S. Ink processing for
thermoelectric materials and power-generating devices. Adv. Mater. 31,
e1804930 (2019).
49. Aw, Y. Y. et al. Effect of printing parameters on tensile, dynamic mechanical,
and thermoelectric properties of FDM 3D printed CABS/ZnO composites.
Materials 11, 466 (2018).
50. Yazawa, K. & Shakouri, A. Optimization of power and efficiency of
thermoelectric devices with asymmetric thermal contacts. J. Appl. Phys. 111,
024509 (2017).
51. Roh, I.-J. et al. Harman measurements for thermoelectric materials and
modules under non-adiabatic conditions. Sci. Rep. 6, 39131 (2016).
52. Meo, M. et al. Numerical simulations of low-velocity impact on an aircraft
sandwich panel. Compos. Struct. 62, 3–4 (2003).
53. Lu, C. et al. Stress distribution on composite honeycomb sandwich structure
suffered from bending load. Procedia Eng. 99, 405–412 (2015).
54. Sun, G. et al. Experimental and numerical study on honeycomb sandwich
panels under bending and in-panel compression. Mater. Des. 133, 154–168
(2017).
55. Kim, F. et al. 3D printing of shape-conformable thermoelectric materials using
all-inorganic Bi2Te3-based inks. Nat. Energy 3, 301–309 (2018).
56. Yang, S. E. et al. Composition-segmented BiSbTe thermoelectric generator
fabricated by multimaterial 3D printing. Nano Energy 81, 105683 (2021).
57. Park, S. H. et al. High-performance shape-engineerable thermoelectric
painting. Nat. Commun. 7, 13403 (2016).
58. Luckham, P. F. & Rossi, S. The colloidal and rheological properties of
bentonite suspensions. Adv. Colloid Interface Sci. 82, 43–92 (1999).
59. Mewis, J. & Wagner, N. J. Colloidal Suspension Rheology (Cambridge
University Press, 2012).
60. Zabet, M. et al. Anisotropic nanoparticles contributing to shear-thickening
behavior of fumed silica suspensions. ACS Omega 2, 8877–8887 (2017).
61. Dapčević, T., Dokić, P., Hadnađev, M. & Pojić, M. Determining the yield
stress of food products-importance and shortcomings. Food Feed Res. 35,
143–150 (2008).
62. Eom, Y., Kim, F., Yang, S. E., Son, J. S. & Chae, H. G. Rheological design of 3D
printable all-inorganic inks using BiSbTe-based thermoelectric materials. J.
Rheol. 63, 291–304 (2019).
63. Fan, S., Zhang, Y., Li, S.-H., Lan, T.-Y. & Xu, J.-L. Hollow selenium
encapsulated into 3D graphene hydrogels for lithium–selenium batteries with
high rate performance and cycling stability. RSC Adv. 7, 21281–21286 (2017).
64. Tonejc, A. & Tonejc, A. M. X-ray diffraction study on α ↔ β phase transition
of Cu2Se. J. Solid State Chem. 39, 259–261 (1981).
65. Olvera, A. A. et al. Partial indium solubility induces chemical stability and
colossal thermoelectric figure of merit in Cu2Se. Energy Environ. Sci. 10,
1668–1676 (2017).
66. Lee, H. et al. Effects of nanoscale porosity on thermoelectric properties of
SiGe. Appl. Phys. 107, 094308 (2010).
67. Wang, X. et al. Compound defects and thermoelectric properties in ternary
CuAgSe-based materials. J. Mater. Chem. A 3, 13662–13670 (2015).
68. Xie, H. et al. The role of Zn in chalcopyrite CuFeS2: enhanced thermoelectric
properties of Cu1–xZnxFeS2 with in situ nanoprecipitates. Adv. Energy Mater.
112, 521–525 (2008).
69. Walker, B. C. & Agrawal, R. Contamination-free solutions of selenium in
amines for nanoparticle synthesis. Chem. Commun. 50, 8331–8334 (2014).
70. Toker, O. S., Karasu, S., Yilmaz, M. T. & Karaman, S. Three interval
thixotropy test (3ITT) in food applications: a novel technique to determine
structural regeneration of mayonnaise under different shear conditions. Food
Res. Int. 70, 125–133 (2015).
71. Li, Z., Li, D., Chen, Y. & Cui, H. Study of the thixotropic behaviors of
ferrofluids. Soft Matter 14, 3858–3869 (2018).
72. Nishi, T., Azuma, N. & Ohta, H. Effect of radiative heat loss on thermal
diffusivity evaluated using normalized logarithmic method in laser flash
technique. High. Temp. Mater. Process 39, 390–394 (2020).
Acknowledgements
This work was supported by the Samsung Research Funding Center of Samsung Elec-
tronics under Project No. SRFC-MA1801-05. J.-Y.K. acknowledges the Research Fund
(1.210035.01) of UNIST (Ulsan National Institute of Science and Technology).
Author contributions
S.C. and F.E. contributed equally to this work. S.C., F.E., B.K., H.G.C., and J.S.S. designed
the experiments, analyzed the data, and wrote the paper. S.C., F.K, J.L., S.E.Y., S.J., S.B., S.
C. and K.K. carried out the synthesis and basic characterization of materials. H.J. and H.
G.C. performed the characterization of rheological properties. G.K. and S.A. performed
the characterization of thermal conductivities. H.K. and J.-Y.K. performed the char-
acterization of mechanical properties. S.C. carried out the fabrication and measurement
of TEGs. F.E. and B.K. performed the simulation studies. All authors discussed the results
and commented on the manuscript.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23944-w.
Correspondence and requests for materials should be addressed to H.G.C., B.K. or J.S.S.
Peer review information Nature Communications thanks Ziqi Liang and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23944-w ARTICLE
NATURE COMMUNICATIONS |         (2021) 12:3550 | https://doi.org/10.1038/s41467-021-23944-w |www.nature.com/naturecommunications 11
